The DNA within spores of Bacilus subtilis is complexed with a large amount of a$d-type small, acid-soluble spore protein (SASP) to 50% of total spore core protein (16). The a/a-type SASP are coded for by a family of genes termed ssp (which has at least seven members in B. subtilis) which direct synthesis of proteins of almost identical primary sequence (16). The a/p-type SASP are associated with spore DNA in vivo (6), and removal of the majority of this protein by deletion of appropriate ssp genes results in UV-sensitive spores (9), whose DNA photochemistry and plasmid superhelicity are more similar to those of growing cells (11, 13). Strikingly, all c/p-type SASP tested appear to be interchangeable in their ability to confer spore-type properties on spore DNA in vivo (10). While the exact mechanism by which a/p-type SASP alter spore DNA structure and/or conformation (and thus its photochemistry and topology) is not clear, the amino acid sequences of a/I-type SASP are highly conserved both within and across species (2, 16). This is a further indication of the key role played by these major spore proteins in spore DNA structure. However, a/p-type SASP share no obvious sequence homology with any other proteins in available databases (16).
(for plasmid pUC19) or 36 (for plasmid pUB110) negative supertwists, a superhelical density similar to that found in several plasmids isolated from spores. The SASP-dependent introduction of negative supertwists did not require a divalent cation, was unaffected by salt, and also gave a value of one molecule of SASP per approximately 5 bp at saturation. There was at least one slow step in the binding of SASP to DNA as seen in both the filter binding and supercoiling assays.
There are three lines of evidence which indicate that the state of DNA within dormant spores of various Bacillus species is significantly different from that in growing cells. (i) Spores are much more resistant to UV irradiation than are cells (15) ; (ii) UV irradiation of spores generates different DNA photoproducts than irradiation of cells (5, 15) ; and (iii) plasmid DNAs from spores have -50% more negative supertwists than plasmid DNAs from cells (11) . It has been suggested, based on this and other evidence, that DNA in spores is in a different conformation than DNA in cells (17) . While a detailed explanation for the different properties of spore and cell DNA in vivo is not available, much of the difference appears due to the presence in spores of a/a-type small, acid-soluble spore proteins (SASP) which compose 30 to 50% of total spore core protein (16) . The a/a-type SASP are coded for by a family of genes termed ssp (which has at least seven members in B. subtilis) which direct synthesis of proteins of almost identical primary sequence (16) . The a/p-type SASP are associated with spore DNA in vivo (6) , and removal of the majority of this protein by deletion of appropriate ssp genes results in UV-sensitive spores (9) , whose DNA photochemistry and plasmid superhelicity are more similar to those of growing cells (11, 13) . Strikingly, all c/p-type SASP tested appear to be interchangeable in their ability to confer spore-type properties on spore DNA in vivo (10) . While the exact mechanism by which a/p-type SASP alter spore DNA structure and/or conformation (and thus its photochemistry and topology) is not clear, the amino acid sequences of a/I-type SASP are highly conserved both within and across species (2, 16) . This is a further indication of the key role played by these major spore proteins in spore DNA structure. However, a/p-type SASP share no obvious sequence homology with any other proteins in available databases (16) .
Given the striking effects these proteins have on spore DNA properties in vivo, it would be of interest to understand the structural basis for these effects. As a first step in this process, we have begun studies on the interaction between purified a/p-type SASP and DNA. In this communication,
we report the characterization of SASP-DNA binding and the effect of this binding on plasmid topology.
MATERIALS AND METHODS
Sources of plasmid DNAs. Plasmids pUC19, pBR325, pUB110, and pDG148 were isolated and purified through two CsCl gradients as previously described (3, 10, 18) . Purified unlabeled pUC19 or pBR325 was cut with EcoRI (pUC19 and pBR325) or EcoRI plus HincII (pBR325) and labeled at 3' termini with [k-32P]dATP and reverse transcriptase. Final specific activities of the labeled plasmid were -5 x 105 cpm/,Lg. However, for filter binding assays, labeled plasmid was routinely used with a 10-to 60-fold excess of unlabeled cut plasmid.
Source of x/lI-type SASP. The SASP we chose for analysis of its DNA-binding properties was termed SspC and is the product of the B. subtilis sspC gene (4). The 3.2-kb EcoRI fragment containing the sspC coding sequence (4) was isolated, the ends were filled with DNA polymerase I Klenow fragment, HindIII linkers were added, and the DNA was digested with HindIII. This resulted in the sspC coding region on a 0.6-kb fragment, with its ribosome-binding site only 21 nucleotides from the HindIII site (Fig. 1A) . This fragment was ligated with HindIII-cut pDG148 to place the translation initiating codon of the sspC gene 56 nucleotides from the inducible spac promoter (18) . The ligation mix was used to transform Escherichia coli JM107 to ampicillin resistance, and colonies with plasmid carrying an insert were detected by colony hybridization with the 0.6-kb HindIII fragment as a probe (3). Plasmid was isolated from colonies carrying the insert, and the orientation of the insert in the plasmid was determined by EcoRV digestion. One such strain, PS708, was used for SspC production.
Strain PS708 was grown at 37°C in a 10 liters of 2 x YT medium (3) containing ampicillin (50 ,ug/ml). At an optical density at 600 nm of 0. 5 ,ug of DNA. All solutions were at 4°C, and binding reactions were begun by SspC addition. After 10 to 15 s at 40C, samples were passed through a 2.5-cm HAWP membrane (0.45-,um pore size; Millipore) and rinsed with 40 drops of room temperature binding buffer, the filters were dried, and their radioactivities were counted in a toluene-based scintillation fluid. Routinely, the percentage of total counts in a reaction which bound to the filter in the absence of SspC was <1%.
Analysis of effects of SspC on plasmid supercoiling. Purified supercoiled plasmid was relaxed with calf topoisomerase I (Bethesda Research Laboratories) and then repurified by phenol extraction and ethanol precipitation. The relaxed plasmid (1 to 14 jxg) was incubated for -18 h at 40C in 20 p.l of 25 mM Tris-maleate (pH 7.5)-50 mM KOAc-10 mM magnesium acetate-1 mM dithiothreitol-50 pug of bovine serum albumin per ml with various amounts of SspC. This incubation time was found to be sufficient for the SspC-DNA interaction to reach equilibrium. Topoisomerase (-2 U/Vug of DNA) was then added, samples were incubated for an additional 2 h at 370C, and DNA was purified by phenol extraction and ethanol precipitation. The purified DNA was dissolved at -0.1 pug/pLl in 10 mM Tris hydrochloride (pH 8.0)-i mM EDTA, and -0.5 pug of DNA was run on agarose gel electrophoresis in the presence of chloroquine (2 or 4 ,ug/ml) as previously described (11) . The average number of superhelical turns (Tav) in this treated plasmid was determined by electrophoresis with a set of standards prepared by incubating plasmid DNA with topoisomerase in the presence of different amounts of ethidium bromide as described previously (11) .
RESULTS
Choice of a/$-type SASP. The a/a-type SASP we chose for study of SASP-DNA binding was SspC, the product of the sspC gene of B. subtilis (4) . We chose SspC because we obtained high yields of this protein from an E. coli expression system, yields which were 3-to 20-fold higher than those for other SASP produced with the same vector (data not shown). SspC was by far the most predominant protein in acid extracts of IPTG-induced strain PS708 (Fig. 1B, lane  a) . The SspC obtained was >98% pure as judged by acrylamide gel electrophoresis at low pH (Fig. 1B, lanes b and c) (Fig. 2, and see legend) . Strikingly, the binding curves at the two lower DNA concentrations were sigmoid (Fig. 2) , suggesting that SspC binding to DNA is cooperative and/or that binding of multiple SspC molecules is needed to achieve DNA retention on the filter (see below). One potential problem with the filter binding assay for measurement of SspC-DNA interaction is whether retention of DNA on the filter requires association with one or with many SspC molecules. However, it appears that much (possibly saturating) SspC must be bound to the DNA to obtain retention of DNA on the filter, because with labeled DNAs of either 2.7 kb (pUC19, Fig. 2 ) or 0.5 or 4.8 kb (EcoRI-or EcoRI-plus HincIl-cut pBR322, data not shown) at 20 ,ug/ml, the binding saturated at a weight ratio of SspC/DNA of 3/1. If weak binding of only a few SspC molecules was needed for retention of DNA on the filter, then the smaller fragments would have been expected to require higher SspC levels to achieve equivalent filter binding. That the 3/1 weight ratio of SspC/DNA needed for maximum filter binding does reflect a requirement for binding of multiple (and possibly saturating) SspC molecules to cause maximum DNA filter binding is also consistent with the 3/1 weight ratio of SspC/DNA needed for maximum effects of SspC on plasmid DNA supercoiling (see below).
The filter binding assay was easily used to measure the effect on SspC-DNA interaction of pH, ionic strength, and divalent cations. Binding of SspC to DNA was found to be optimal at pH 6.7 but was only slightly decreased at pH 6.1 and 7.5 (Table 1) . However, binding decreased dramatically at pH 8.5. SspC-DNA binding was not appreciably decreased by KOAc concentrations up to 400 mM and was essentially identical with EDTA or Mg2" present (Table 1) . However, use of higher concentrations (10 mM) of Mg2" decreased binding somewhat (Table 1) . Surprisingly, when binding was initiated by the addition of subsaturating amounts of SspC, the DNA retained on the filter decreased significantly over time, with the rate of loss slower at 4°C than at 25°C, although at 25°C an equilibrium point was reached (Fig. 3) . However, at saturating SspC levels, binding remained relatively constant (Fig. 3) . The decrease in apparent binding at low SspC levels was not due to DNA degradation or exonuclease removal of labeled 3' termini, as isolation of DNA after 3 h of incubation and analysis by agarose gel electrophoresis revealed no degradation (data not shown). The reason for the slow decrease in filter binding with time at subsaturating SspC/DNA ratios is not clear. However, a slow interaction between SspC and DNA was also seen in analysis of the topological effects of binding of SspC to DNA (see below).
Effect of SspC binding on apparent DNA supercoiling. The binding of SspC to DNA in vitro is not surprising given the association between al3-type SASP and DNA in vivo (6) . Similarly, the effects of a113-type SASP on plasmid DNA supercoiling in spores (11) suggested that SspC might have profound effects on plasmid DNA supercoiling in vitro. Consequently, we mixed SspC with relaxed plasmid DNA, added topoisomerase I to relax any supertwists generated by SspC-DNA interaction, and then determined the number of supertwists present in the plasmid DNA after deproteinizing the complex. Striking, maximum SspC binding resulted in introduction of a large number of negative supertwists into the two plasmids tested, pUC19 (Fig. 4, lanes 4 and 8) and pUB110 (Fig. 4, lanes 2 and 4) . While approximately twice as many negative supertwists were introduced into pUB110 as into pUC19, the latter plasmid is only 60% the size of pUB110. Consequently, the superhelical density induced in both plasmids by SspC binding was similar and was only slightly below that seen with plasmids isolated from spores (11) . With pUC19, the same final superhelical density (Tav = -18) was also achieved when SspC was added to extremely supercoiled plasmid (Tav = -54) and then incubated with topoisomerase I (data not shown). However, without topoisomerase I addition, SspC caused no change in the supercoiling of relaxed pUC19 (Fig. 4, lanes 1, 2, 5, and 6 ) or pUB110 (data not shown).
Titration of the effect of SspC binding on plasmid superhelicity gave a sigmoid curve, again indicative of cooperative interactions between SspC molecules in DNA binding. These curves reached saturation at an SspC/DNA weight ratio of -10/1 (Fig. 5) . At values below saturation, an even distribution of plasmid was observed around the Tav (Fig. 4 , pUC19, lanes 3 and 7, and data not shown), as was also observed when the effect of HU protein on plasmid supercoiling was examined (12) . The high weight ratio of SspC/ DNA required to achieve saturation is probably a reflection of the weakness of SspC-DNA interactions under these conditions, because use of higher plasmid DNA concentrations gave maximal change in supercoiling at SspC/DNA weight ratios of -3/1 ( Table 2 ). Note that these reactions were performed under somewhat different conditions than the filter binding assay (pH 7.5 instead of 6.7; 10 mM magnesium acetate instead of 1 mM EDTA). These changes were needed for maximal topoisomerase activity but were found to weaken SspC-DNA interaction in the filter binding assay. Mg2+ is not essential for calf topoisomerase I activity, but it does exert a stimulating effect. This was especially true for topoisomerase action on pUB110 (data not shown), for reasons that are not clear. Consequently, while Mg2+ was not essential for the effect of SspC on plasmid DNA topology (see below), it was routinely added to ensure that the topoisomerase reaction went to completion. The interaction between SspC and DNA which gave a high negative superhelical density in plasmids had a number of similarities to the SspC-DNA interaction measured by filter binding. Thus, generation of the high negatively supercoiled plasmid was not affected by up to 200 mM KOAc (Fig. 6A and B, compare lanes 2 and 4) (unfortunately, higher concentrations inhibited the topoisomerase I significantly) and was not abolished when EDTA replaced Mg2+ (Fig. 6A and   B, lanes 3) . Indeed, substitution of EDTA for Mg2+ resulted in plasmid with two to three more negative supertwists than in plasmid incubated with Mg2+ ( Fig. 6A and B, compare   lanes 3 and 4) . The interaction between SspC and plasmid DNA leading to high negative supercoiling also had at least were analyzed by electrophoresis 'on agarose gels containing chloroquine and the average value of negative supertwists (Ta,) was determined as described in Materials and Methods.
one slow step in the process ( Fig. 7A and B) . Note that in this latter experiment all samples were incubated for 2 h at 37°C to allow topoisomerase action.
DISCUSSION
As indicated previously by analysis of the effects of SASP on DNA melting temperature (14) , SspC exhibits no signifi- (7, 19) , although E. coli HU protein may not (1, 12) .
One obvious question about the SspC-DNA interaction is the tightness of binding. Clearly, initial binding of SspC to DNA cannot be extremely tight, because at low DNA concentrations high SspC/DNA ratios are required to saturate the DNA. Unfortunately, neither of the assays used in this work allow precise calculation of KD values for an SspC-DNA complex. However, from the supercoiling data at various SspC/DNA ratios, we can calculate that the KD must be <5 x 10' M and >1 x 10-6 M. While this binding looks weak if the higher number is correct, the concentration of a/P-type SASP in spores is extremely high (>2 mM) (14, 16 (12) . A more fundamental question is the exact nature of the SspC-DNA interaction and the resulting effect on DNA structure. The dramatic change in plasmid supercoiling upon SspC binding suggests there must be concomitant drastic changes in DNA structure. This could be due either to DNA winding around the SspC, as with DNA binding to HU protein (1, 12) , or to induction of a conformational change in DNA, possibly from the B form to the A form (11, 15) . As noted previously, conversion by SspC binding of a covalently closed DNA from the B form to the A form in the presence of topoisomerase I would result in the introduction of a large number of negative supertwists when the plasmid is deproteinized (11) . While it is not clear that DNA in spores is in the A form, this is consistent with its UV photochemistry (15, 17) . Furthermore, preliminary circular dichroism spectral analyses of the binding of a/p-type SASP to DNA have indicated that these proteins cause DNA to change to an A-like conformation in vitro (S. Mohr and P. Setlow, unpublished data). It is of course possible that a/n-type SASP affect DNA structure by both the wrapping of DNA around the SASP and induction of a B-to-A conformational change. In this regard, note that binding of protein HU, which does not induce a B-to-A conformational change in DNA (1), only induces -40% the number of negative supertwists per unit of DNA as does SspC, while binding of other basic proteins generally has no effect on plasmid topology (1, 12) . Clearly, it will be of great interest to determine the details of the interaction between DNA and a/3-type SASP, as the latter may represent a new class of DNA-binding proteins.
